Herein, a novel polyaspartic acid derivative, polyaspartic acid/2-amino-2-methyl-1-propanol graft copolymer (PASP/AMP), was synthesized via a ring-opening reaction using polysuccinimide (PSI) and 2-amino-2-methyl-1-propanol (AMP). The structure of PASP/AMP was characterized via 1 H NMR and FTIR.
Introduction
Nowadays, the consumption and pollution of water is dramatically increasing due to the rapid development of industry, which have intensied the crisis of water sources. Cooling water takes a large part of industrial water; 1,2 thus, recirculating cooling water systems have been widely utilized in industrial processes to alleviate the stress of limited water supply.
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However, scale deposition and metal corrosion have become two major problems in the recirculation processes. Scaling and corrosion, which lead to many problems such as high maintenance costs and catastrophic accidents, occur widely in the recirculation systems. [5] [6] [7] Thus, increasing attention has been focused on the utilization of water treatment agents to control scaling and corrosion. 8, 9 A wide variety of inhibitors such as natural polymer inhibitors, organic phosphates, polyacrylic acid, and polymethacrylic acid have been extensively explored in the past few decades. [10] [11] [12] [13] However, although they show good performances against the formation of calcium deposit or corrosion, they are unstable and easily result in water pollution, which restrict their applications. [14] [15] [16] Since the permissible limits for inhibitors are decreasing due to environmental concerns, the development of non-phosphorus, efficient, green degradable inhibitors has been a current research topic.
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Polyaspartic acid (PASP), which contains carboxyl groups, tends to combine with metal ions at different pH values, possesses good chelating ability, and has been proven to be a representative scale inhibitor. [20] [21] [22] Moreover, PASP is easily degraded by microorganisms and fungi into environmentally friendly products. 23 Thus, as a nontoxic and degradable green inhibitor, PASP possesses good scale inhibition ability for CaCO 3 and CaSO 4 . However, since it only contains one functional group, carboxyl, its scale inhibition ability against Ca 3 (PO 4 ) 2 and corrosion inhibition properties are not prominent. For further improvement of its scale and corrosion inhibition performance, several methods have been conducted for the modication of PASP. A polyaspartic derivative, Ser-PASP, was obtained by Chen et al., which showed better scale inhibition and dispersion performance than PASP. Gao et al. synthesized PASP-SEA-ASP and found that the copolymer exhibited an outstanding corrosion inhibition performance for seawater. A PASP/urea gra copolymer was prepared by Zhang et al., and its scale inhibition performance against Ca 3 (PO 4 ) 2 was improved. [24] [25] [26] Although these studies have improved the scale and corrosion inhibition performance of PASP to some extent, there still remains many problems such as the degradation behavior of the copolymer. To obtain a biodegradable inhibitor with outstanding comprehensive properties, it is necessary to introduce new functional groups into the side chain of PASP.
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2-Amino-2-methyl-1-propanol (AMP) is a low-cost compound with an uncomplicated structure. Moreover, it contains one main functional group, hydroxy, which would contribute to improving the scale inhibition performance of PASP. In this research, a novel hydroxylation PASP derivative, polyaspartic acid/2-amino-2-methyl-1-propanol gra copolymer (PASP/AMP), was obtained via a ring-opening reaction using polysuccinimide (PSI) and AMP as raw materials. The structure of PASP/AMP was characterized via 1 H NMR and FTIR. Thermogravimetric analysis was conducted to examine the stability of PASP/AMP. Static and weight loss tests were carried out to simultaneously investigate the scale and corrosion inhibition performance of PASP/ AMP. Moreover, a biodegradation experiment on PASP/AMP was conducted. The structures of the scale in the absence and presence of PASP/AMP were observed via scanning electron microscopy (SEM) and X-ray powder diffraction (XRD).
Experimental

Reagents and instruments
Maleic anhydride, ammonium ferrous sulfate, ammonium molybdate, and antimony potassium tartrate were purchased from Kemiou Chemical Reagent Co., Ltd (China). Urea, ascorbic acid, 1,10-phenanthroline monohydrate, and ethylenediaminetetraacetic acid disodium salt were supplied by Tianjin No. 1 Chemical Reagent Factory (China). 2-Amino-2-methyl-1-propanol and Eriochrome Black T were obtained from Aladdin Chemical Reagent Co., Ltd (China).
The instruments used include an AVANCE 400 nuclear magnetic resonance spectrometer (Switzerland), a VERTEX 70 Fourier transform infrared spectrometer (Germany), a 723N grating spectrophotometer (China), an RCC-III rotary coupon corrosion tester (China), an SDTA851e thermal gravimetric analyzer (Switzerland), a KDB-III COD microwave digestion instrument (China), a JSM-7610F scanning electron microscope (Japan), and a D8 Advance X-ray powder diffractometer (Germany).
Synthesis of polysuccinimide (PSI) and polyaspartic acid (PASP)
PSI and PASP were synthesized according to a previous method. 28 In brief, PSI was obtained via the polycondensation of maleic anhydride and urea, which underwent a dehydration process for 3 h at 160
C aer the addition of a mixture of acids (H 3 PO 4 : H 2 SO 4 ¼ 1 : 1). Then, 10% NaOH solution was added to the PSI suspension, and the reaction was carried out at 60 C under magnetic stirring for 24 h. Subsequently, the mixture was added to absolute ethanol to generate a precipitate. Finally, aer drying, PASP was obtained. The relevant synthesis reactions are illustrated in Scheme 1.
Synthesis of modied polyaspartic acid (PASP/AMP)
Herein, 0.8 g of PSI, 0.58 g AMP, 8 mL of distilled water, and 2 mL of 10% NaOH solution were mixed in a round-bottom ask.
Aer heating at 60 C under magnetic stirring for 24 h, the pH of the solution was adjusted to 7-8 using HCl solution. Then, the solution was poured into a beaker containing 50 mL ethanol and le standing to allow precipitation. Aer the supernatant was removed, 10 mL of distilled water was added. The product was dried at 80 C in a drying oven for 12 h to yield PASP/AMP as a brown solid. The relevant synthetic reaction is shown in Scheme 2.
Static test for scale inhibition efficiency
The static test, which was previously described elsewhere, 29 was performed according to the Chinese National Standard (GB/T 16632-2008). The remaining Ca 2+ in the supernatant was detected using an EDTA standard solution in the inhibition experiment against CaCO 3 and CaSO 4 , whereas in the inhibition experiment against Ca 3 (PO 4 ) 2 , the content of PO 4 3À was determined via a 723N grating spectrophotometer at 710 nm using the phosphomolybdic blue spectrophotometric method.
Weight loss test for corrosion inhibition efficiency
The weight loss test was carried out as previously described,
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which was conducted to determine the corrosion inhibition View Article Online efficiency of PASP/AMP using a rotary coupon corrosion tester according to the Chinese National Standard (GB/T 18175-2014).
Test for biodegradability
Herein, 100 g plant growth soil was added to 1 L distilled water and mixed. Aer standing for 3 h, the supernatant was obtained as the inoculation uid. Subsequently, 1 L distilled water was subjected to an aeration process using an oil-free air pump until the dissolved oxygen content reached a value of 8 mg L
À1
. Aer this, 8.5 mg of KH 2 PO 4 , 21.8 mg of K 2 HPO 4 $3H 2 O, 44.6 mg of Na 2 HPO 4 $12H 2 O, 1.7 mg of NH 4 Cl, 11.0 mg of MgSO 4 , 27.6 mg of CaCl 2 , and 0.3 mg of FeCl 3 $6H 2 O were added to the aerated liquid to obtain dilution water. A certain amount of PASP/AMP, 30 mL of inoculation uid, and 270 mL of dilution water were successively added to a 500 mL serum bottle. Then, the serum bottle was placed in a constant temperature incubator at 25 C, and a blank experiment was carried out at the same time. Then, the COD value of the solution was determined on day 1, 7, 14, 21, and 28. The biodegradation rate (h) was calculated using the following formula:
where C t stands for the COD value in the solution containing PASP/AMP on day t and C bt is that of the blank experiment; C 0 is the original COD value of the solution containing PASP/AMP, and C b0 is that of the blank experiment.
3. Results and discussion and -CH 3 on the side chain, respectively, which indicate the successful synthesis of the PASP/AMP gra copolymer.
FTIR characterization of PASP/AMP
The FTIR spectrum of PASP/AMP is shown in Fig. 2 . It can be seen that the characteristic absorption peak of the N-H bond stretching vibration appears at 3413 cm À1 , and 1597 cm À1 is the stretching vibration absorption peak of the C]O bond of the amide; the absorption peak at 1400 cm À1 is attributed to the vibration of N-H bond bending and C-N bond stretching in -CONH, and the absorption peak at 1059 cm À1 is the characteristic absorption peak of -OH. Thus, it can be inferred that the PASP/AMP gra copolymer has been successfully synthesized.
Thermogravimetric analysis (TGA)
Thermogravimetric analysis was employed to examine the thermal stability of the samples in a nitrogen atmosphere. The test was conducted at 25-800 C at a heating rate of 10 C min À1 .
According to Fig. 3 , PASP and PASP/AMP showed similar thermal weight loss behaviors with little mass loss below 100 C.
In the TGA thermogram of PASP/AMP, no signicant reduction is observed as compared to that of PASP; this indicates that its thermal stability is as good as that of PASP. Furthermore, the thermal degradation of PASP/AMP occurred above 200 C, indicating that it is well suited for cooling water systems. , whereas that of PASP was 88%. The maximum inhibition efficiency of PASP/AMP was about 100% at 1 mg L À1 , and the inhibition efficiency remained constant beyond 1 mg L À1 . Fig. 6 . Clearly, the variation in the heating time had little impact on the inhibition efficiency of PASP/AMP, and the inhibition efficiency remained almost 100% when PASP/AMP was heated for less than 16 h. Aer this, the inhibition efficiency started to fall with an increase in time. For PASP, the inhibition efficiency obviously declined when it was heated for more than 10 h. The promotion of the inhibition efficiency of PASP/AMP can be attributed to the presence of hydroxyl groups and the formation of a more stable structure with Ca 2+ that is not destroyed even under long heating time conditions. The inhibition performance of PASP and PASP/AMP against Ca 3 (PO 4 ) 2 was investigated, as shown in Fig. 8 . The inhibition efficiency of PASP/AMP gradually increased with an increase in concentration. The inhibition efficiency of PASP/AMP achieved was as high as 74% at 10 mg L À1 , whereas that of PASP was only 19%. Furthermore, the inhibition efficiency of PASP/AMP reached up to 100% at 14 mg L À1 , which was far greater than that of PASP. Consequently, the introduction of functional groups promoted the inhibition performance of PASP against Ca 3 (PO 4 ) 2 . Fig. 9 demonstrates the inuence of the concentration of PASP and PASP/AMP on the corrosion inhibition efficiency. It is worthy to point out that the corrosion inhibition efficiency of PASP/AMP reaches up to 28% at 24 mg L À1 , whereas for PASP, the corrosion inhibition efficiency only reaches 21% at the same concentration. This was because the introduction of polar groups into the copolymer facilitated adsorption of the copolymer onto the surface of the metal, and then, the non-polar part facilitated the formation of a hydrophobic membrane, which blocked charge transfer and altered the interfacial properties.
Inuence of Ca
Corrosion inhibition performance
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Furthermore, contact between the metal and corrosive substance was prevented; therefore, corrosion was effectively suppressed.
Biodegradation performance
As is shown in Fig. 10 , the biodegradation rate of PASP and PASP/AMP increased with time. On the 28th day, the biodegradation rate of PASP was 81%, whereas that of PASP/AMP was 65%. According to the Convention for the Protection of the Marine Environment of the North-East Atlantic, a polymer is considered readily biodegradable if its biodegradation rate is greater than 60% within 28 days. 35 Therefore, PASP/AMP is eligible to be listed as a biodegradable copolymer of PASP despite the existence of functional groups on its side chain. The biodegradation behavior of PASP/AMP is lower than that of PASP. This decrease can be attributed to the presence of bamide units or d-aspartic acid units that blocked further biodegradation, and the more irregular end group may also affect the rate. The morphologies of CaCO 3 , CaSO 4 , and Ca 3 (PO 4 ) 2 were surveyed via SEM (Fig. 11) . The CaCO 3 deposit had a compact structure with a regular arrangement, and the CaSO 4 crystals displayed a needle-like shape with a glossy surface in the absence of PASP/AMP. However, the structure of CaCO 3 and CaSO 4 became fragmented and tended to be irregular in the presence of PASP/AMP. With the addition of PASP/AMP, the structure of the Ca 3 (PO 4 ) 2 scale changed from dense layered to agglomerated and became looser. In other words, PASP/AMP can adsorb on the surface of the crystal and block the growth of the crystal, thus destroying the morphology of the deposit.
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As a result, the scale showed poor adhesion to the inner wall of the pipe and was easily dispersed by owing water. shows that they have similar characteristic peaks, but the intensity of the peaks in (a) is signicantly stronger than that in (b). This phenomenon illustrates that the Ca 3 (PO 4 ) 2 crystal changed aer the addition of PASP/AMP, and the crystallization degree of the Ca 3 (PO 4 ) 2 crystals was reduced. According to the XRD analysis, the addition of PASP/AMP destroyed the growth tendency and caused the scale structure to become loose, resulting in the easy removal of the precipitate. 
Conclusion
A novel PASP/AMP gra copolymer has been successfully prepared via a ring-opening reaction using PSI and AMP. The scale and corrosion inhibition performance of the PASP/AMP gra copolymer is enhanced as compared to that of PASP. PASP/AMP exhibits the maximum inhibition efficiency of 100% against CaCO 3 and CaSO 4 at 1 and 4 mg L
À1
, respectively. It is worth noting that the inhibition efficiency of PASP/AMP against Ca 3 (PO 4 ) 2 reaches 100% at 14 mg L À1 , which compensates the limitations of PASP. The maximum corrosion inhibition efficiency of PASP/AMP reached 28% at 24 mg L À1 . Moreover, the biodegradation experiment proves that PASP/AMP possesses excellent biodegradability with a biodegradation rate of 65% in 28 days, which is environmentally acceptable. Subsequently, the SEM and XRD analyses reveal that with the addition of PASP/ AMP, the hard scale deposits are destroyed and transformed into loose dirt that can be removed easily. The introduction of AMP into the side chain drastically strengthened the comprehensive properties of PASP without signicantly affecting its biodegradability. Thus, for further modication of PASP, the graing of uncomplicated structures containing inhibitive functional groups will be instructive. 
